Abstract. Some aspects of neutron-induced gamma-ray spectroscopy studies, as currently carried out at the high-flux reactor of the Institut Laue Langevin (ILL), are discussed. Neutron-induced fission allows us to study very neutron-rich nuclei, using in-pile and external target arrangements, respectively. The use of high-resolution crystal spectrometers allows investigations of gamma rays with ppm resolution.
INTRODUCTION
The Institut Laue-Langevin (ILL) operates the most powerful source of neutrons in the world, a 58-MW reactor. The reactor forms the basis for a program of research covering a wide variety of fields, supplying neutrons to a broad range of instruments. The majority of instruments are dedicated to the study of problems in solid-state physics but there is also a small, but active, group performing nuclear structure investigations with the aid of neutrons.
Today the group follows two main experimental issues in nuclear physics studies. In the first one, thermal neutron capture uses the binding energy of a neutron to excite a nucleus. Subsequently emitted gamma rays are measured with ultra-high precision. In the second one, neutron-induced fission allows the fission process itself to be studied and also the structure of the neutron-rich isotopes produced. Most of today's measurements are made using in-pile target arrangements, but some work is also carried out with neutrons at positions fed by neutron guides. Most of our measurements are carried out in collaboration with scientists from laboratories spread all over the world.
ULTRA-HIGH RESOLUTION GAMMA-RAY SPECTROSCOPY
Ultra-high-resolution gamma-ray spectroscopy has always played, and still plays, a significant role in the activities of the nuclear physics group at ILL. At the high-flux reactor, one can obtain very high specific activities when exploiting the flux of 5 10 14 neutrons/cm 2 s available at the in-pile target facilities. This allowed us to aim for the installation of gammaray spectrometers with the highest possible energy resolution. The crystal spectrometers GAMS [1, 2] (see, as the most recent example a view of the GAMS5 spectrometer, Fig. 1 ) have been extensively used to address a large variety of different fields with an emphasis to nuclear-structure studies. Originally they were mainly used to construct level schemes with the purpose of doing that as completely as possible. A well-known example is 168 Er [3] where, within the spin window that can be reached in neutron capture, a complete level scheme was established up to an excitation energy of about 2.5 MeV. Due to the completeness achieved, it became a famous testing ground for theoretical models. Another example is 196 Pt [4] , the level scheme, which was the first one to be associated with the O(6) limit of the IBM. To date, we use the ppm resolving power mainly to observe the tiny Doppler shifts obtained when a nucleus recoils after the emission of gamma rays. This allows us to determine lifetimes of excited states, in the pico-to femto-second region, populated after thermal-neutron capture. The method, called Gamma Ray Induced Doppler broadening (GRID), was discussed in detail in [5] and we will here give only a short summary:
The GRID method can be applied to all nuclei that can be reached by neutron capture. Nuclei are excited to the neutron-binding energy. Subsequent gamma decay will induce recoils of the nuclei. When those are still in flight when emitting further gamma rays, the latter will be Doppler shifted. Measuring these gamma rays leads to the observation of Doppler-broadened profiles. The recoil velocities v are small, often as tiny as 10 -6 of c, or even smaller, and hence (as the Doppler broadening scales with v/c) the latter one can be extremely small. This is especially pronounced when the lifetimes of the excited states become long compared to the time between collisions (the so-called slowing-down time, which is typically several hundred femto seconds) with neighboring atoms. An upper limit for the determination of lifetimes with GRID is therefore in the region 5 to 10 ps. There is, in principle, no lower limit because for very short lifetimes, some femto seconds or lower, one can determine experimentally the natural linewidth. For more details, see [5] .
Examples for lifetime studies include, for instance, the observation of mixed-symmetry states in 54 Cr [6] , the investigation of multiphonon excitations in medium-heavy nuclei such as 114 Cd [7] , the determination of quadrupole-octupole coupled states in 144 Nd [8] , the test of selection rules predicted for 196 Pt by O(6) [9] , the search for multiphonon excitations in heavy deformed nuclei such as 168 Er [10, 11] or 178 Hf [12] , and the very recent measurements [13] of lifetimes in the critical point nucleus 152 Sm (see, for instance, [14] ).
SPECTROSCOPY OF NEUTRON-RICH NUCLEI
The LOHENGRIN recoil mass separator [15] for unslowed fission products has now for 30 years contributed to research in fission and spectroscopy of very neutron-rich nuclei. Basically, fission fragments are analysed on their flight path through a magnetic and an electric field. This technique ensures high mass resolution, with a clear separation between fragments with different mass numbers, or more precisely with different ratios of mass number (A) to ionic charge (q). The source for the spectrometer is a thin target of fissile material that is placed close to the core of the reactor in a high thermal-neutron flux of almost 10 15 n/(cm 2 s). Fragments with the same ratio A/q are focussed onto parabolas. The high fission count rates allow searches for very rare fission events. Fragment yields have been analysed down to the level of 10 -8 per fission and have, e.g., led to the discovery of new neutron-rich isotopes in Fe and Co. The useful range of atomic masses available at the separator for gammaray spectroscopy studies, is approximately 70 to 170. These limits are set only by yield distributions from fission. Various fissile targets are available, from 229 Th to 251 Cf, and targets can be chosen to optimise the production rate for a particular nucleus of interest. The kinetic energy of the fragments passing through the separator varies between about 50 and 110 MeV. With a flight path of 23 m, the separation time is around 1 or 2 µs.
Fission fragments arriving at the focal point of the spectrometer will have the same A/q ratio but will have different kinetic energies. A selection of ionisation chambers (to measure the kinetic energies) are available at Lohengrin, each optimised to a different application. The different applications include (besides fission studies) high-efficiency gamma-ray and conversion-electron spectroscopy and gamma-ray angular distribution measurements. These ionisation chambers have mostly been designed and constructed by the LPSC (formerly ISN) Grenoble. Detection of conversion electrons is performed by two adjacent silicon detectors placed a few millimetres behind a 12-micrometer-thick mylar foil, which stops the fission fragments. The kinetic energy of the fission fragments can be tuned, with the separator, so that they come to rest within the last few micrometers of the mylar foil, allowing high-resolution conversionelectron spectroscopy. The overall conversion-electron detection efficiency is around thirty percent. The lower limit of detection is around 15 keV, which is very useful when searching for isomeric transitions, which are often of low energy.
For gamma-ray detection, currently two clover detectors are available and can be placed face-to-face, perpendicular to the beam, close to the focal point of the beam to give the maximum amount of solid-angle coverage possible. The gamma-ray multiplicity in all experiments is generally low, allowing few detectors to be used. In collaboration with the Studsvik group, an array of barium-fluoride detectors allows fasttiming measurements to be performed on excited nuclear states with lifetimes in the range of ten picoseconds to nanoseconds. For isomers with microsecond lifetimes, the correlation between the arrival time of the fission fragment in the ionisation chamber and the detection of a gamma ray, or conversion electron, is sufficient to measure the lifetime of the excited state.
The best technique for obtaining information on excited nuclear states of neutron-rich nuclei far from stability, at Lohengrin, is to observe the decay of states below microsecond isomers. The transit time of approximately one to two microseconds through the separator currently allows isomeric states with lifetimes as short as about half a microsecond to be observed. The unique character of isomeric states gives valuable nuclear structure information. Isomeric states are present across the whole landscape of the nuclear chart resulting from both single particle effects (such as yrast spin traps) and collective motion (K-isomers and shape isomers). Putting a time window of several tens of microseconds between the detection of the arrival of a fission fragment and the detection of a gamma ray, plus the ability to select individual masses (or in favourable cases individual isotopes) gives very clean spectra. The cleanliness of these spectra allows transitions to be identified and assigned to rare exotic nuclei with just tens of gamma-ray photopeak counts. The same is true for conversion electrons.
Isomers are useful not only because they allow measurements of the properties of weakly produced nuclei, but because these states have unique character among many other excited states. Isomers are generally at higher angular momentum than ground states, giving isomer spectroscopy of odd-odd nuclei a distinct advantage over beta-decay spectroscopy, where only low-spin states are populated, as intermediate-spin states can be accessed.
A recent series of successful gamma-ray spectroscopy experiments (Fig. 2) using isomeric states has been performed by the LPSC group. New isomers were discovered around the mass-100 region including 94 Y, 96 Rb, and 106 Nb [16] . In the case of 96 Rb, this is the first measurement of any excited states in this very neutron-rich nucleus. Measurements of many isomers in the region of the neutron-rich doubly magic nucleus 132 Sn have also been performed recently.
New isomeric spin 19/2 + states were found in the isotopes 125,127,129 Sn [17] . An isomeric state of spin 23/2 + was also discovered in 129 Sn [18] . Previous to this work, the highest spin states known in these heavy, odd-mass Sn nuclei were of spin 11/2 -. Production of these nuclei and states would be very difficult at most other existing nuclear physics facilities. Comparison of these states with theoretical interpretations of low-lying negative-parity states shows some unexpected discrepancies for Sn isotopes close to the doubly magic nucleus 132 Sn. Concerning the antimony isotopes around 132 Sn, a new isomer was observed in 130 Sb with spin 13 + [19] , and isomers in 131,133 Sb [19, 20] In [22] and Cd isotopes, again greatly extending nuclear structure knowledge in this region.
SPECTROSCOPY AT A NEW NEUTRON GUIDE PROPOSED AT ILL
At present, the fission reaction, induced by thermal neutrons on a fissile target placed close to the core of a reactor, is certainly one of the most effective methods for producing extremely rare medium-heavy to heavy neutron-rich isotopes. The cross sections for this type of reaction are generally large: For example f 1 000 barn for the reaction n th + 241 Pu. As a result, thanks to ILL's extremely high neutron flux, n 1 0 15 n/cm 2 /s, it is possible to produce up to 10 12 fissions/s with only 1 mg of fissile material if placed close to the reactor core. As discussed above, in the past, these exceptional properties have been successfully used with the spectrometer Lohengrin.
Because it takes about a microsecond for the fission products to travel from the sample to the Lohengrin detectors, Lohengrin is ideally situated for the investigation of micro-to millisecond isomers and their decay, using its good mass resolution. A complementary (and up to now not yet efficiently exploited) approach is to use an external beam of thermal neutrons, which allows prompt fission products to be studied. The ILL's neutron guides produce high-flux beams of n around 10 9 n/cm 2 /s, of very high purity (no noise and no fast neutrons from the reactor core). Neutrons are capable of inducing fission reactions on fissile targets placed outside the reactor in a sufficiently clean environment to be able to study the prompt and delayed gamma rays emitted by the fission products (FP). Using a very highefficiency gamma-detector array with a granularity sufficient to detect intermediate multiplicity events (~10), it should therefore be possible to obtain information on the structure of nuclei inaccessible by other currently available methods, such as spontaneous fission. Experiments of this kind are proposed for a new neutron guide that will hopefully be constructed at the ILL. In this way, Lohengrin and this new position should provide us with new information and make the ILL an important centre for the study of exotic nuclei. Using a neutron guide, different fissile targets ranging from Th to Cf can be irradiated, making it possible to study regions of nuclei inaccessible by spontaneous fission. As an example, the reaction n th + 241 Pu makes it possible to reach even nuclei in the vicinity of 78 Ni (which are inaccessible with spontaneous fission sources). The use of different fissile targets should also help to identify the fission products observed (different yields). Finally, on the guide it will be possible to perform irradiations over long periods, corresponding to several reactor cycles, something that cannot be done on an accelerator. With the neutron flux expected for the new guide being so high, a target mass as low as ~10 to 100 mg of 241 Pu, for instance, would be sufficient. The first such measurements on a neutron guide were already carried out successfully during the year 2004, and new dedicated experimental equipment is proposed for the new beam position.
